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ABSTRACT

The 9L-2, 9L-7, and 9L-8 cell lines, derived from the SL in vivo
rat brain tumor, were treated with nitrosoureas that can alkylate
and cross-link DNA and carbamoylate intracellular molecules to
various extents. Compared to 9L cells, 9L-2 cells were very
resistant to the cytotoxic effects of 1,3-bis(2-chloroethyl)-1-nitro-
sourea, and to 2-[3{2-chloroethyl)-3-nitrosoureido]-p-deoxygiu-
copyranose. The sensitivity of 9L-7 and 9L-8 cell lines to these
drugs was intermediate between 9L and 9L-2. Treatment of 9L,
9L-2, 9L-7, and 9L-8 cell lines with 1,3-bis(trans-4-hydroxycy-
ciohexyl)-1-nitrosourea produced approximately the same level
of cell kill. Compared to 9L cells, 9L-2 cells are 10-fold more
resistant to the cytotoxic effects, 34-fold more resistant to the
induction of sister chromatid exchanges, and have 40% fewer
DNA interstrand cross-links caused by treatment with 3<4-amino-
2-methyl-5-pyrimidinyl)methyl-1-(2-chloroethyl)-1-nitrosourea.
In contrast, treatment of 9L and 9L-2 cells with 1-ethylnitrosourea
produced approximately the same level of cell kill and induction
of sister chromatid exchanges. Our results suggest that the
resistance of 9L-2, 9L-7, and 9L-8 cells is related to DNA cross-
linking and not to alkylation or carbamoylation.

We studied the effects of other agents that form DNA cross-
links with structures different from those formed by treatment
with chloroethyinitrosoureas (CENUs) in 9L and 9L-2 cells. In
contrast to results obtained with CENUs, 9L-2 cells were 2-fold
more sensitive to the cytotoxic effects, 2-fold more sensitive to
the induction of sister chromatid exchanges, and had 3-fold more
cross-links formed than 9L cells treated with nitrogen mustard.
However, the amount of celi kill, number of sister chromatid
exchanges induced, and the DNA cross-linking were the same
for 9L and 9L-2 cells treated with cis-diamminedichloroplat-
inum(ll).

Our results indicate that cellular resistance to CENUSs is highly
specific and that the mechanism of resistance does not allow
cross-resistance with other DNA cross-linking agents. These and
other results suggest that when DNA repair processes mediate
cellular resistance to CENUSs, other cross-linking agents will not
be cross-resistant uniess they form alkylation products that
are affected by repair processes that mediate resistance to
CENUSs.
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INTRODUCTION

Certain CENUs* are hydrolyzed intracellularly to reactive inter-
mediates that alkylate DNA, form DNA interstrand cross-links,
and carbamoylate cellular proteins. Because all of these reac-
tions may cause cellular cytotoxicity, but with different efficien-
cies, it is necessary to establish which of these events is of
primary importance to cell killing in sensitive cells and which
processes are modified by cells resistant to the cytotoxic effects
of these agents. Therefore, in this study we treated 9L cells and
lines derived from the in vivo 9L rat brain tumor by BCNU
treatment (1) with CENUs and other nitrosoureas with different
capacities to alkylate DNA, cross-link DNA, and carbamoylate
intracellular molecules (see Table 1). We measured cell kill, SCE
induction, and DNA cross-ink formation in order to obtain a
better understanding of the molecular mechanisms of cell killing
and cellular resistance to CENUs.

Preliminary investigations have shown that 9L-2 cells are
resistant to the cytotoxic effects of BCNU and to the induction
of SCEs compared to 9L-cells treated with the same concentra-
tion of BCNU (2). However, from these studies we could not
determine if the observed cellular resistance was specific for
CENUSs, or whether 9L-2 cells were also resistant to other DNA-
cross-linking agents. Schabel et al. (3, 4) have performed exten-
sive studies on resistance and pattemns of cross-resistance in
L1210 and P388 cell lines. Schabel’s results showed that L1210
and P388 cells resistant to BCNU were also resistant to other
CENUSs but retained the sensitivity of the parent line to phenyl-
alanine mustard, cyclophosphamide, and cis-Pt (3, 4). Erickson
et al. (5) have shown that human tumor cells resistant to BCNU
are not cross-resistant to cis-Pt. Tew and Wang (6) have reported
that Walker 256 rat carcinoma cells highly resistant to HN, and
related derivatives are not cross-resistant with CENUs. These
results suggest that cellular resistance to DNA cross-linking
agents is highly specific. The experiments reported here were
performed to determine whether 9L-2 cells resistant to BCNU
are cross-resistant to other DNA cross-linking agents.

MATERIALS AND METHODS

Cell Lines. The 9L rat gliosarcoma is a well-established cell line (7).
Sublines that are resistant to BCNU were produced by the following
procedure. Fisher 344 rats bearing the intracerebral 9L tumor were
treated with a single dose of BCNU, either 13.3 or 26.7 mg/kg. Twenty-
four h after the dose was administered, rats were sacrificed, and tumors

* The abbreviations used are: CENU, chioroethylnitrosourea; BCNU, 1,3-bis(2-
chioroethyl)-1-nitrosourea; ENU, N-ethyinitrosourea; CHLZ, 2{3+2-chioroethyl)-3-
nitrosoureido]-p-glucopyranose; BHCNU, 1,3-bis(trans-4-hydroxycyciohexyl)-1-ni-
trosourea;, ACNU, 3-(4-amino-2-methyl-5-pyrimidinyl)methyl-1-(2-chioroethyi)-nitro-
sourea; HN;, nitrogen mustard; cis-Pt, cis-diamminedichloroplatinumyli); CFE, col-
ony-forming efficiency; SCE, sister chromatid exchange.
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CELLULAR RESISTANCE TO DNA CROSS-LINKING AGENTS

Table 1
Functionality of agents used in this study
Agent Alkylate Cross-ink Carbamoylate

BCNU + (16, 28)* +(2,12,17) + (16, 28)
CHLZ +(29) +(12) - (29)
BHCNU —(14) - +(14)
ACNU +(29) +(30) - (29)

ENU +(15) -(17 +(28)

HN, + (21, 26) + (26, 31)

cis-Pt + (32, 33) + (32, 33)

# Numbers in parentheses, references for each agent.

were removed and disaggregated to single cells using an enzyme cocktail
(8). Cells that survived treatment with 26.7 mg/kg were designated 9L-
2, and cells that survived treatment with 13.3 mg/kg in 2 separate
experiments were designated 9L-7 and 9L-8. The in vivo log kills ob-
served were 3.36, 2.96, and 3.0 for 9L-2, 9L-7, and 9L-8, respectively.
There was no discernible difference in morphology or karyotype between
9L and 9L-2 sublines.5 The CFE for untreated 9L celis was 60 to 80%,
and the plating efficiency of the SL sublines was similar. 9L cells have
an in vitro doubling time of approximately 18 to 19 h, and the 9L sublines
showed similar growth rates. All SL subtines have a base line SCE value
of 11 to 12 SCEs/metaphase. Cells were passaged in cuiture and stored
in liquid nitrogen. Cell lines were subcultured approximately twice a
week.

Drugs. BCNU and cis-Pt were obtained from Bristol Laboratories
(Syracuse, NY), CHLZ and BHCNU from the Drug Development Branch
of the National Cancer Institute (Bethesda, MD), ACNU from Sankyo
Drug Co. Ltd. (Tokyo, Japan), ENU from Ash Stevens Co. (Detroit, Mi),
and HN. from Sigma Chemical Co. (St. Louis, MO). All drugs were
dissolved in solvents immediately before use. BCNU, ENU, CHLZ, and
BHCNU were dissolved in absolute ethanol, and ACNU and HN, were
dissolved in sterile water (pH 6.1); cis-Pt was dissolved in dimethyl
sulfoxide and diluted with Hanks' balanced salt solution.

Drug Treatment and CFE Assay. Single-cell suspensions of 9L, 9L-
2, 9L-7, and 9L-8 were obtained by incubation of confluent cultures with
trypsin-EDTA,; various numbers of cells (50 to 1 x 10%) were plated into
60-mm Petri dishes or 25-sq cm flasks with heavily irradiated 9L feeder
cells in Eagles’ minimum essential medium containing 10% fetal calf
serum and gentamycin (50 ug/mi). After 24 h of incubation, cells were
treated with various concentrations of the drugs for either 1 h followed
by medium replacement or without a medium change ("continuous
treatment”). Cultures were then incubated in a 5% C02:95% air atmos-
phere for 10 to 14 days. After being fixed with methanol:acetic acid and
stained with crystal violet, colonies containing 50 or more cells were
scored. Surviving fraction was calculated as the ratio of the CFEs of
treated and untreated cells. There was a direct relationship between
number of cells plated and colonies formed for the data obtained with
the CFE assay.

SCE Assay. Cells (1.0 to 1.5 x 10% were seeded into 75-sq cm flasks.
The following day, cells were treated with various concentrations of the
drugs for 1 h. After treatment, medium was removed and replaced with
medium containing bromodeoxyuridine, 10 umol/iiter, after which cells
were incubated for 2 replication cycles (approximately 28 h). Mitotic cells
were accumulated by treatment with colcemid, 0.04 ug/mi, for 2 h.
Flasks were shaken to dislodge the mitotic cells, medium was poured
off, and mitotic cells were coliected by centrifugation (1000 rpm for 5
min). The pellet was treated with 2.0 ml of 0.05 m KCI for 8 to 10 min,
fixed twice with glacial acetic acid and methanol (1:3), and metaphase
chromosomes were spread on glass microscope slides. The method of
Perry and Wolff (9) was used for differential staining of sister chromatids.
For each experiment, the frequency of SCEs was determined in 25
metaphase cells.

Alkaline Elution Assay. Cells (0.5 to 1 x 10°%) were seeded into 100-
mm dishes and grown for 2 to 3 days in medium containing either

5 J. Trent, personal communication, 1985.

("“C]thymidine, 0.01 xCi/mi (60 mCi/mmol) or [*H]thymidine, 0.1 xCi/ml
(82.7 Cifmmol). One h before drug treatment, medium containing labeled
compounds was removed and replaced with fresh medium. “C-labeled
cells were treated with various concentrations of ACNU, cis-Pt, or HN,
for 1 h at 37°C. After treatment, the drug-containing medium was
removed. The 1-h treatment period is sufficient for formation of the HN,
DNA cross-links; therefore, after the treatment period, HN -treated cells
were placed in colkd Hanks' balanced salt solution and collected for
alkaline elution. The ACNU- and cis-Pt-treated cells were incubated in
drug-free medium at 37°C for an additional 6 h to allow for the formation
of DNA interstrand cross-links and then collected for alkaline elution. °H-
labeled cells were irradiated with 300 rads, and the “C-labeled cells with
600 rads of X-rays (General Electric Maxitron 300). Comparison of the
elution pattern of H-labeled cells with control **C-labeled cells provides
an internal control to assure that DNA is eluting off the filter as a function
of molecular weight. The elution procedure used as a modification of
that described by Kohn et al. (10), and a detailed procedure has been
described (2). The general procedure is as follows. Cells were collected
on the filters, lysed, and treated with proteinase K for 1 h. DNA is eluted
from the filters overnight. Results were calculated as the fraction of
["*CIDNA and [*H]DNA retained on the filtter at each fraction. The cross-
linking index was calculated using the formula of Ewig and Kohn (11)

[(1 - Ro)]"’ iy
(1 =Ry

where R and R, are the relative retention for untreated and treated cells,
respectively. Relative retention was defined as the fraction of the
(*C]DNA remaining on the filter when 50% of the [°H]DNA remained on
the filter.

RESULTS

Survival curves for 9L, 9L-2, 9L-7, and 9L-8 cells treated with
BCNU and CHLZ are shown in Chart 1, A and B. At a concentra-
tion of 30 um, BCNU and CHLZ produced a 2-log cell kill in 9L
cells. In contrast, treatment of 9L-2 cells with 70 um BCNU
produced only a 1-log cell kill, and treatment with 70 um CHLZ
produced very little cell kill. Treatment with BCNU produced the
same intermediate levels of cell kill in 9L-7 and 9L-8 cell lines
(Chart 1A). For CHLZ, the levels of cell kill for 9L-7 and 9L-8
cells were intermediate between that for 9L and 9L-2; 9L-7 cells
were somewhat more resistant than were 9L-8 cells (Chart 1B8).
All cell lines were equally susceptible to the cytotoxic effects of
BHCNU, however (Chart 1C).

Survival curves for 9L and 9L-2 cells treated with ACNU are
shown in Chart 2. 9L-2 cells were very resistant to the cytotoxic
effects of ACNU; at a 1 log of cell kill, 9L-2 cells were 10-fold
more resistant to the cytotoxic effects of ACNU than were 9L
cells. ACNU induced SCEs in 9L cells; the dose-response curve
is linear with a slope of 15.8 SCEs/metaphase/um ACNU (all
slopes were determined by linear regression analysis) (Chart 2).
Treatment of 9L-2 cells with ACNU over the same dose range
induced very few SCEs; the slope of the SCE dose-response
curve is 0.46 SCEs/metaphase/um ACNU. Therefore, calculated
as the ratio of the slopes for induction of SCEs, 9L-2 cells were
34-fold more resistant to the induction of SCEs caused by
treatment with ACNU than were 9L-cells. Comparison of the
cross-inking index for 9L and 9L-2 cells treated with ACNU
shows that there were on the average 40% fewer proteinase K-
resistant DNA interstrand cross-links formed in 9L-2 than in 9L
cells treated with ACNU (Table 2).

9L and 9L-2 cells were equally sensitive to the cytotoxic effects
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Chart 1. The survival of 9L (@), 9L-2 (4), 9L-
7 (W), or SL-8 (#) celis after continuous treat-
ment with BCNU (A), CHLZ (B), or BHCNU (C).
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Chart 2. The cellular survival and induction of SCEs in 9L (@) and 9L-2 (A) celis
after a 1-h treatment with ACNU. The number of SCES induced is calculated by
subtracting the number of SCEs induced by 10 um bromodeoxyuridine alone.

Table 2
Cross-linking index for 9L and 9L-2 celis treated with ACNU, HN,, and cis-Pt

Cross-inking index x 1000

concentration
(um) 9L aL-2
ACNU
50 96 + 10° 683
100 275+ 8 128 + 18
HN
0.5 72+ 8 210+ 25
1 152 + 19 472+ 79
2 33353 810+ 99
cis-Pt
30 228 + 85 285 + 42
60 454 + 155 436 + 35
90 572 £ 147 646 + 54
* Mean + SD.

of ENU (Chart 3). Treatment of both cell lines with 5 mm ENU
produced a 1-log cell kill and induced a similar number of SCEs
in both cell lines (Chart 3). Slopes of the SCE dose-response
curves are 0.115 SCEs/metaphase/um ENU for 9L cells and
0.086 SCEs/metaphase/um ENU for 9L-2 cells.

Survival curves for 9L and 9L-2 cells treated with HN; are
shown in Chart 4. In contrast to results found for treatment with
CENUs, 9L cells were approximately 2-fold more resistant to the
cytotoxic effects of HN, than were 9L-2 cells. Slopes of the SCE
dose-response curves are 308 SCEs/metaphase/um HN. for 9L
cells and 660 SCEs/metaphase/um HN, for 9L-2 cells. Calculated
as the ratio of the slopes, 9L cells are 2-fold more resistant to

10 20 30 40 50 60 70

0 20 30 40 S0
AM CHLZ

the induction of SCEs than are 9L-2 cells treated with HN..
Treatment of either 9L or 9L-2 cells with HN, for 1 h produced
high ievels of proteinase K-resistant DNA interstrand cross-inks
(Table 2). The extent of DNA cross-iinking in 9L-2 cells was
approximately 3-fold higher than for 9L cells treated with equi-
molar concentrations of HN.. This result is in good agreement
with both the differences in the number of SCEs induced and
the differences in cell kill in 9L and 9L-2 cells treated with HN,.

The leve! of cell kill and the number of SCEs induced is the
same in 9L and 9L-2 cells treated with equimolar concentrations
of cis-Pt (Chart 5). Slopes of the SCE dose-response curves are
11.1 SCEs/metaphase/um of cis-Pt for 9L and 9.1 SCEs/meta-
phase/uM for 9L-2 cells. The values of the cross-linking index for
9L and 9L-2 cells treated with equimolar concentrations of cis-
Pt are also similar (Table 2).

DISCUSSION

The cytotoxic response of 9L, 9L-2, 9L-7, and 9L-8 cells
treated with BCNU and CHLZ have been measured. In contrast
to 9L, 9L-2 cells were very resistant to the cytotoxic effects of
these nitrosoureas, and 9L-7 and 9L-8 cells had intermediate
responses. The dose-response curve for 9L cells treated with
ACNU was very similar to 9L cells treated with BCNU and CHLZ.
9L-2 cells were more sensitive to treatment with BCNU than they
were to ACNU or CHLZ, however, suggesting that carbamoyla-
tion of proteins by BCNU may either decrease the degree of
cellular resistance or lead to additional cytotoxicity by itseif.
Similar results have been obtained by Erickson et al. (12) with
IMR-90 and VA-13 cells treated with these nitrosoureas.

A good correlation between SCE induction and cellular sensi-
tivity to BCNU has been found (2). In agreement with this, 9L-7,
and 9L-8 cells have been shown to have an intermediate re-
sponse to SCE induction caused by BCNU and CHLZ (13).
Compared to 9L cells, 9L-2 cells were 34-fold more resistant to
SCE induction and 10-fold more resistant to cell killing by ACNU
treatment. These results suggest that the biochemical events
that lead to SCE induction and cell killing are related.

Treatment of cells with certain CENUs resuits in DNA alkyla-
tion, formation of DNA interstrand cross-links, and carbamoyla-
tion of cellular proteins (Table 1). Biochemical modification of any
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Chart 3. The cellular survival and induction of SCEs in 9L (@) and 9L-2 (A) cells
after a 1-h treatment with ENU.
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Chart 4. The cellular survival and induction of SCEs in 9L (@) and 9L-2 (A) celis
after a 1-h treatment with HN..

of these processes could result in cellular resistance. To obtain
a better understanding of how the resistance of 9L-2 cells to the
cytotoxic effects of these agents is expressed, we investigated
the effects of other nitrosoureas that were deficient for either
alkylation, cross-linking, or carbamoylation.

9L, 9L-2, 9L-7, 9L-8 cells were treated with BHCNU, which
does not alkylate or cross-link but does carbamoylate (14). The
cytotoxic response of the 4 cell lines was similar indicating that
all were equally susceptible to cytotoxicity caused by carbamo-
ylation. 9L and 9L-2 cells were treated with ENU, a nitrosourea
that alkylates (15) and presumably carbamoylates (16) but does
not form DNA interstrand cross-links (17). 9L and 9L-2 cells were
equally susceptible to both the cytotoxic effects ot ENU and to
the induction of SCEs. The results obtained with ENU and
BHCNU suggest that cellular resistance to CENUs is associated
with the DNA cross-linking properties of the CENUs.

Results obtained with alkaline elution show that the number
of DNA cross-links caused by ACNU treatment in SL-2 cells was
40% lower than in 9L. These results are similar to our finding for
BCNU treatment of 9L and 9L-2 cells (2) and further support our
conclusion that the lower number of DNA cross-inks in 9L-2
cells is responsible in part for the observed cellular resistance to
CENUSs. Recent studies have also shown that cellular resistance
of human tumor cells is associated with a reduced frequency of

10°

Trrvmt

T

SURVIVING FRACTION
o

SCE/METAPHASE
8 8 8§ 8 8
T T

T T TTTTITIT

102 L i 1 1

1 i
08 1.6 33 5.0
aM Cis - Pt

Chart5. The celiular survival and induction of SCEs in 9L (@) and SL-2 (A) cells
after a 1-h treatment with cis-Pt.

DNA interstrand cross-links caused by CENUSs (18, 19).

Additional evidence that DNA cross-inking is an important
factor in the cytotoxicity of CENUs was obtained by comparing
the concentration of ENU or ACNU required to produce a 1-log
cell kill. The cross-linking drug ACNU was 250-fold more cyto-
toxic than the noncross-linking ENU. Similar observations have
been made by comparing methyinitrosourea and CENUs (20)
and sulfur mustard with its noncross-linking analogue (21, 22).
Thus, although the DNA interstrand cross-inks formed by
CENUs represent only 1% of the total alkylation products (23),
they very effectively cause the events that lead to cell death.
The nonalkylating nitrosourea BHCNU was also cytotoxic to
cells, however, which indicates that additional mechanisms have
to be considered in the evaluation of the mechanism of cytotox-
icity of nitrosoureas.

The results obtained with CENUSs indicate that cellular resist-
ance in 9L-2 cells is related to reduced levels of DNA cross-inks.
We determined whether this resistance was specific for CENUs
or was part of a general pattern of resistance to DNA cross-
linking agents. The cytotoxicity, number of SCEs induced, and
number of DNA cross-links formed in 9L and 9L-2 cells treated
with cis-Pt were very similar. Therefore, 9L-2 cells were not
cross-resistant to cis-Pt. The results obtained with HN., how-
ever, were in sharp contrast to results obtained with CENUs. SL
cells were 2- to 3-fold more resistant to the cytotoxic effects,
induction of SCEs, and formation of DNA cross-links than were
9L-2 celis. Recent studies have shown that 9L cells contain
approximately twice as much reduced glutathione as do 9L-2
cells,® which correlates with their increased resistance to NH;
(24). These resuits show clearly that the cellular resistance to
CENUs is highly specific and does not result in cross-resistance
to other bifunctional agents. Similar results have been obtained
by Schabel et al. (3, 4) using L1210 and P388 cell lines resistant
to BCNU.

The reduced formation of DNA interstrand cross-links in 9L-2
cells (2) and resistant human cells treated with CENUs appears
to be the result at least in part of increased repair of O°%-2-
chioroethyl guanine (12, 19); the initial alkylation product leading
to formation of the CENU induced DNA interstrand cross-link
1-[N3-deoxycytidyl],2-[N'-deoxyguanosinyljethane (25). The
cross-link formed by HN; is bis(2-guanin-7-ylethyl)methylamine
(26), which is different in structure from the cross-link caused by
CENUs (1, 23, 25). Work with semipurified mammalian enzymes

8 M. T. Smith, personal communication, 1985.
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has shown that recognition and removal of alkylation products
is very specific (27). Therefore, the results of this study suggest
that when resistance to a particular chemotherapeutic agent is
mediated by a specific repair process(es), other cross-linking
agents will not be cross-resistant unless they form DNA alkylation
products that are also substrates for that particular repair proc-
ess(es). When cellular resistance is mediated by drug uptake,
giutathione levels, glutathione-S-transferase, or gene amplifica-
tion, however, different patterns of sensitivity and resistance
probably will be observed.
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